Although the traditional bipolar forceps design is effective for open surgical approaches, where access is readily available and pincer motion is relatively unrestricted, this design has many drawbacks in its application to minimally invasive and multiport surgeries. Dimensional and mobility constraints in these operations limit the use of forceps tips through small-diameter surgical corridors and negatively impact the application of bipolar electrosurgery. Because limited access points are available for surgeons to introduce instruments into the confined operating theater, 5 primary surgical instruments-including suction devices, grasping forceps, dissectors, and scissors-must be temporarily removed and replaced by the electrosurgical forceps. This step prolongs operative duration and potentially increases the likelihood of postoperative infection or accidental tissue damage. 6, 9 Additionally, during standard 2-handed surgery the surgeon is limited to using only 1 additional surgical tool when using a dedicated electrosurgical instrument for cautery. Finally, maneuvering a single forceps instrument that opens strictly in a planar 2D field is challenging due to the limited depth perception and corridor restraints associated with endoscopic procedures.
In this paper we describe a novel bipolar electrosurgical design in which independently functional endoscopic surgical instruments are insulated and electrically connected to serve as electrodes for a bipolar circuit and system. The technology works identically to a dedicated bipolar electrosurgical device by using a standard radiofrequency generator to establish an alternating current voltage across 2 metal contacts and induce tissue cauterization. The unique feature of this approach is that each electrode is represented by a different surgical instrument that maintains its original surgical function, thereby greatly increasing the mobility and efficiency of bipolar cautery for minimal-access as well as open surgery.
Methods

Instrument Description
The prototype system ( Fig. 1 ) was adapted from standard electrosurgical devices originally developed for endoscopic endonasal skull base surgery that were augmented to co-function as electrosurgical instruments. The shaft and handhold of these instruments were insulated and thereby rendered electrically inactive, with the exception of the electrically active metallic working instrument tip. The instrument tip then served its original function (e.g. microscissors, dissector) while additionally functioning as one of the electrodes of a bipolar electrosurgical circuit and system. A variety of methods for achieving adequate electrical insulation of the tool's shaft could be considered, including epoxy, plastic, ceramic, or parylene deposition, as well as the creation of reusable or disposable instruments. For the purpose of this feasibility prototype experiment, electrical insulation of the instruments was achieved with epoxy and rubber coating.
Electrical current generated with a standard radiofrequency electrosurgical generator flowed through a modified plug affixed on the back of the surgical tool (Fig. 2 ) and the insulated shaft to reach the exposed working tip. Each instrument could be dually used: 1) in an independent fashion for its original function (i.e., microscissors, dissector, suction, and micrograspers); and 2) as a bipolar electrode when activated in conjunction with, and in apposition to, another instrument incorporated in the same electrical circuit. Any modular combination of 2 insulated instruments could be incorporated simultaneously in the electrosurgical circuit once equipped with a standard plug/wire connector. When the electrically active sites of these instruments are placed on a section of target tissue, the system could be activated by pressing on a standard foot pedal to induce the electrosurgical effect at the target tissue site.
For this study, 5 prototype instruments functioning as a surgical system were developed to demonstrate surgical instrument functionality combined with electrosurgical capability: a microdissector, a grasping forceps, a suction tool, a ring curette, and a microscissors (Fig. 3 ).
Prototype Used in Cadaveric Surgery
This prototype electrosurgical design was first evaluated by reproducing a standard minimally invasive surgical procedure on 2 unpreserved human cadavers. Specifically, we used a binostril endonasal approach through two separate working corridors for an endoscopic transsphenoidal surgical approach commonly used for the resection of a pituitary tumor. The sphenoid sinus and sellar floor were widely exposed, and the dura overlying the pituitary gland was opened sharply. The electrosurgical prototypes were 
Prototype Used in an In Vivo Rat Model
This system was further evaluated through its use in carotid artery coagulation procedures performed on rats in an animal research laboratory. Two male retired breeder Sprague-Dawley rats weighing 750-800 g were used in this study. This rat was chosen because it has been used in prior studies as a model for testing vascular surgery, specifically in carotid artery coagulation.
1 Animals were given a standard diet several days before the investigation and the animals were housed in accordance with National Research Council guidelines.
Inhalant isoflurane (1%-4%) administered continuously through a nose cone was used to sedate each rat prior to the operation in accordance with animal care guidelines. Surgical carotid artery coagulation was first performed using traditional bipolar instruments and then using the prototype system. At the completion of the surgery, or when a humane endpoint was reached, the rats were killed with carbon dioxide treatment, and a thoracotomy was performed. Representative images and qualitative observations were recorded demonstrating the functionality of the system (Fig. 6) .
Results
These feasibility experiments demonstrated that this system's adapted surgical instruments can perform effective electrosurgery on target tissue while maintaining their original surgical uses. Endoscopic photographs from the endonasal transsphenoidal surgical approach demonstrate potential combinations of devices that were used with the novel electrosurgical system, thereby adding efficiency to the traditional surgical workflow for a variety of maneuvers. The electrically activated dissector and grasping forceps instruments were evaluated to demonstrate the function of cauterization and narrow localization of the cauterized tissue. Specifically, Fig. 4C demonstrates how a multiple instrument approach assists the surgeon in applying electrosurgery by allowing a multidirectional (i.e., nonplanar) approach to a small vascular target positioned deep in the surgical arena with improved visualization and independent mobility of each electrode instrument. During the human cadaveric dissection, we found that use of the novel electrocautery system could successfully be applied to minimally invasive endoscopic surgical approaches and add the additional benefit of cautery to the functions of the 2 instruments in use as part of this system (e.g., suction and miscroscissors). Live surgery performed in the rat model showed successful cautery of major arterial and venous structures using the system, with the added benefit of improved workflow gained by not having to remove and reintroduce instruments into the surgical field. Photographs from the in vivo experiment demonstrate the versatility of the prototype system and Fig. 6C specifically shows the efficacy of these instruments in hemostatic control.
The varied approaches demonstrated in these figures depict how electrosurgery can be applied effectively from nontraditional electrode tips without requiring the pincer movement of a traditional bipolar forceps instrument. The combinations of various instruments provided maximal efficiency in workflow and reduced the requirements to remove and reinsert surgical devices when cautery was intermittently needed. Further unintended results included an ability to handle tissue while cauterizing, and suctioning of smoke and cautery byproducts when using the system, thereby improving visualization.
Discussion
Surgeons apply bipolar electrosurgery in minimally invasive surgical environments to perform precise operations, including hemostatic control and ligation. 6, 8 However, the use of these instruments in minimally invasive, endoscopic, multiport, and robotic surgery has been limited by the traditional design of the bipolar probes placed solely on standalone instruments. Our novel design for the application of bipolar electrosurgery augments the function of existing and validated surgical instruments and is intended to facilitate and augment any type of multiport, minimally invasive, and/or endoscopic, robotic, or even traditional open operations where a requirement for repeated cautery and tissue dissection, handling, and cutting is part of the surgical workflow (e.g., tumor resection or splitting the Sylvian fissure). The system functions as a set of modular and interchangeable dual-function instrument electrodes that are independently insulated, rather than a single bipolar cautery instrument with inherent design limitations in access, mobility, and depth perception as they pertain to endoscopic surgery. When used in combination with other instruments from the same system, bipolar electrosurgery may be applied using a variety of multifunctional tips and using multiple surgical angles and approaches, rather than being confined to a single aperture as standard bipolar forceps currently are.
The benefits of the proposed design are multifold (Table 1). First, it obviates the need for a single bipolar instrument that functions by grasping tissue only in a 2D planar field, which can be challenging when inserted through a single access port or when relying on 2D visualization on a video monitor. Second, the use of this prototype system obviates the requirement for a traditional electrosurgical forceps, which functions by opening and closing in a "pincer" movement, the motion of which is limited when operating through small apertures. Third, the design potentially increases surgical efficiency and enhances workflow by expanding the functions of standard surgical instrumentation to dually serve as bipolar components. Fourth, it facilitates the manipulation and cauterization of surgical tissue, which can be accessed by different instruments introduced through different surgical openings. Fifth, the design provides the additional benefit of being able to suction the smoke or other surgical byproducts resulting from electrocautery when one of the instruments is a suction device tip. And sixth, it increases surgical efficiency by minimizing the removal and insertion of surgical instruments, thereby potentially reducing the risk of direct tissue injury associated with repetitive removal/insertion, associated risks of infection, and potentially reducing operative duration.
Conclusions
In conclusion, surgical procedures performed on fresh cadaver tissue and in an in vivo rat model demonstrated that this novel multifunctional electrosurgical system has the capacity for improved mobility, visualization, and access of each bipolar electrode tip while preserving the intended function of each surgical instrument. We believe that this system may provide surgeons with a more efficient and versatile method of electrosurgery. 
